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Abstract
Prior work has shown that endocytosis of bovine L-glucuronidase by human fibroblasts can be mediated by the existence
of a Man6P-independent receptor for the recapture and targeting to lysosomes. In this study, we have isolated a peptide
(IIIb2) from pronase digested bovine L-glucuronidase that behaved as competitive inhibitor of the endocytosis of bovine L-
glucuronidase by human fibroblasts. This peptide contained a Ser^X^Ser sequence, where X is probably a posttranslational
modified Trp. Antibodies raised against this peptide impaired the endocytosis of the bovine but not the human L-
glucuronidase, implying that the new recognition marker for the endocytosis of acid hydrolases might reside in a single
discrete stretch of amino acid sequence. On the other hand, bovine L-glucuronidase has been shown to bind specifically to
receptors of human fibroblast membranes. The binding was saturable, divalent cation-dependent and was competitively
inhibited by the IIIb2 peptide, but not by mannose 6-phosphate. Results presented suggested an interplay between
manganese concentrations, temperature and pH on the dissociation of the L-glucuronidase-receptor complexes. All together,
these data reinforce the presence of two endocytic systems for the recapture and targeting of L-glucuronidase in human
fibroblasts. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Targeting of acid hydrolases from the Golgi com-
plex or from the extracellular milieu to lysosomes
requires speci¢c receptors at the cell membrane and
recognition markers on these enzymes. Lysosomal
enzymes are synthesized in the rough endoplasmic
reticulum in a glycosylated precursor form. During
transport through the Golgi complex, speci¢c man-
nose residues are phosphorylated. Man6P is the
recognition marker for the binding of lysosomal
enzymes to cation-independent (CI-M6PR) and
cation-dependent Man6P receptors (CD-M6PR) lo-
cated in the Golgi complex. Bound enzymes are seg-
regated from secretory proteins and translocated to
lysosomes. Both receptors are present on the cell sur-
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face of ¢broblasts; however, only CI-M6PR medi-
ates the endocytosis of secreted phosphorylated en-
zymes (for review, see [1^3]).
However, the Man6P recognition marker is clearly
important for lysosomal targeting of acid hydrolases.
Alternative structural features such as a peptide
backbone play an important role for the targeting
of some newly synthesized acid hydrolases [4,5].
Moreover, the existence of alternate routes for endo-
cytosis and lysosomal targeting of acid hydrolases by
human ¢broblasts has been suggested by the fact that
rat and bovine L-glucuronidase endocytosis is unaf-
fected by Man6P [6^8]. The Man6P-independent en-
docytosis of bovine L-glucuronidase by human ¢bro-
blasts seemed likely to be receptor-mediated, since
this endocytosis system is saturable, time and tem-
perature dependent [7,8]. Furthermore, we have re-
ported that bovine liver or spleen L-glucuronidase
can be taken up by human ¢broblasts through two
adsorptive pinocytosis systems; one recognizes the
Man6P recognition marker on the enzyme, the other,
a yet unde¢ned marker [8]. Previously reported data
support this argument, endocytosis of bovine L-glu-
curonidase by human ¢broblasts: (a) is only inhib-
ited 30% by Man6P; (b) is about 70% of control and
no longer inhibited by Man6P when the bovine acid
hydrolase is pretreated with endoglycosidase H, en-
doglycosidase F or alkaline phosphatase; (c) is not
a¡ected by chloroquine or NH4Cl under conditions
that inhibit the endocytosis of acid hydrolases con-
taining the Man6P recognition marker; (d) is not
inhibited by polyclonal antibodies against CI-
M6PR that impairs human ¢broblast endocytosis
of acid hydrolases containing Man6P [8].
As a ¢rst approach to characterize this transport
system, the chemical composition of the newly pro-
posed recognition marker on the acid hydrolase must
be determined and its endocytic receptor isolated. In
the current report we have isolated a peptide con-
taining the recognition marker from pronase digested
bovine L-glucuronidase. Also, we have searched for
conditions for the binding of bovine L-glucuronidase
to human membranes and for the dissociation of the
receptor^ligand complexes that might be helpful for
a later puri¢cation of the binding activity.
2. Materials and methods
2.1. Cell culture
A L-glucuronidase-de¢cient cell line (S-392) was
kindly provided by Dr W.S. Sly (St. Louis University
Medical School, MO). Cultures were maintained in
Eagle’s minimal essential medium (MEM), supple-
mented with 10% heat-inactivated fetal calf serum
(Grand Island Biological Co., Grand Island, NY),
1 mM sodium pyruvate/100 U/ml penicillin and 100
Wg/ml streptomycin sulfate [9].
2.2. Enzyme preparation
Human L-glucuronidase from platelets was parti-
ally puri¢ed as previously described [10]. Bovine liver
was obtained from a local slaughterhouse. Bovine L-
glucuronidase was puri¢ed as described by Himeno
et al. [11], excluding the isoelectric step. Instead, the
sample was adsorbed to a CM-52 cellulose (What-
man BioSystems, Maidstone, Kent, UK) equilibrated
with 0.02 M sodium acetate bu¡er (pH 5.5). Two
peaks of enzyme activity were obtained, one unad-
sorbed and the other eluted with a 0^15 mM sodium
chloride gradient. The Man6P marker was removed
from the bovine L-glucuronidase during enzyme pu-
ri¢cation. After a 60% ammonium precipitation, the
pellet was resuspended in 35 mM Tris/maleate bu¡er
(pH 6.8) and dialyzed overnight at 25‡C against the
same bu¡er. The enzyme yield from the Tris/maleate
incubation was usually about 90%. Enzyme activity
was determined £uorometrically; one unit of activity
was de¢ned as the amount of enzyme that catalyzed
the release of one nmol of 4-methylumbelliferone per
hour [12]. Protein was measured colorimetrically us-
ing bovine serum albumin as a standard [13].
2.3. Puri¢cation of peptide containing the recognition
marker
Commercial bovine liver L-glucuronidase (Sigma
Chemical Co., St. Louis, MO) was used as an alter-
native source to obtain a puri¢ed peptide capable of
inhibiting the endocytosis of bovine liver L-glucuro-
nidase by human ¢broblasts. Commercial enzyme (20
mg) was resuspended in 2 ml and extensively dialyzed
against water to remove salts. The enzyme was di-
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gested at 37‡C in presence of 2 mg pronase (Boehr-
inger^Mannheim Bioquimica, Mexico)/0.1 M Tris
bu¡er (pH 8.0) and 2 mM CaCl2 ¢nal concentration.
Pronase (2 mg) was added every 24 h of incubation;
after 96 h under a toluene atmosphere, digestion was
terminated by boiling for 2 min. Sample was desalted
in a Sephadex G-25 column (Pharmacia Biotech,
Uppsala, Sweden) (2.5U150 cm) equilibrated with
water. Fractions able to inhibit the endocytosis of
the bovine L-glucuronidase were pooled, lyophilized
and subjected to three serially connected Sephadex
G-10 columns (1.5U95 cm). The inhibitory fraction
was adsorbed in a Sephadex CM-25 column (1U14
cm) equilibrated with 10 mM acetate bu¡er (pH 6.0)
and eluted with a 0^0.2 M NaCl gradient; ¢nally the
sample was desalted in the Sephadex G-10 column
equilibrated with water. The amount of peptide
present in each fraction was measured with £uoresc-
amine (Roche Diagnostics, Nutley, NJ) [14]. The iso-
lated fraction containing the inhibitory endocytic ac-
tivity was loaded on a polybrene-coated glass-¢ber
disc and sequenced in an automated protein se-
quencer (Procise Perkin^Elmer Biosystems) using
the Edman degradation technique and the pulse-liq-
uid program.
2.4. Internalization and inhibition experiments
L-Glucuronidase de¢cient ¢broblasts, grown either
in 24-well tissue culture dishes or in 35-mm Petri
dishes, were incubated in MEM (without sodium bi-
carbonate) containing 1 mg/ml of bovine albumin,
0.025 M BES (MEM^BES) (pH 6.8^7.0) and bovine
L-glucuronidase. After 2 h incubation at 37‡C, dishes
were chilled on ice and rinsed six times with ice cold
phosphate-bu¡ered saline (PBS). Cell-associated L-
glucuronidase was measured in cells disrupted with
0.5 ml of 0.2% sodium deoxycholate. The rate of
enzyme internalization was expressed as the amount
of cell-associated enzyme activity per hour (units of
L-glucuronidase/mg of cell protein per hour) [15]. To
rule out the presence of non-speci¢c inhibitors during
the puri¢cation of peptides containing the recogni-
tion marker, human platelet L-glucuronidase (having
only the Man6P marker) was used as control of ad-
sorptive endocytosis [10]. In addition, L-glucuroni-
dase was measured in the media at the end of endo-
cytic experiments to discard any e¡ect of enzyme
activity inhibitors.
2.5. Binding experiments
Membrane ¢broblasts were prepared as previously
described by Fisher et al. [16]. The binding assays
were carried out in 1.5 ml polyethylene microfuge
tubes. Unless otherwise stated, the standard binding
assay was conducted at 4‡C in 300 Wl of MEM (pH
7.0) containing 1 mg/ml of bovine serum albumin/50
Wg of membrane proteins/bovine L-glucuronidase
(12 000 U) and 0.5% saponin. After 1h the tubes
were centrifuged at 12 500Ug for 10 min; membrane
pellets were washed three times by resedimentation
with 1 ml of PBS, suspended in 0.5 ml of 0.2% so-
dium deoxycholate, and assayed for bound enzyme.
For the binding experiment which studied the e¡ect
of speci¢c divalent cations, MEM was substituted by
98 mM NaCl, 2 mM KCl, 25 mM BES/maleate bu¡-
er (pH 7.0). This bu¡er containing 1 mg/ml of bovine
serum and 0.5% saponin was named bu¡er A. En-
dogenous L-glucuronidase activity was subtracted
from all values, and accounted for less than 5% of
the amount bound at equilibrium. Binding activity
in the resulting membrane pellet was stable at least
1 week at 320‡C.
2.6. Antibodies preparation
Puri¢ed peptide (Fraction IIIb2) from bovine L-
glucuronidase (520 nmol) was coupled to 5 mg oval-
bumin with glutaraldehyde and the mixture was
chromatographed in a G25-Sephadex column. Pep-
tide containing the recognition marker coupled to
ovalbumin (100 Wg) were mixed with an equal vol-
ume of Freund’s complete adjuvant and injected sub-
cutaneously in New Zealand rabbits. Before the ¢rst
injection, preimmune serum was obtained. At 2, 4
and 8 weeks rabbits were busted with the same con-
centration of antigen and equal volume of Freund’s
incomplete adjuvant. Two weeks later antigens were
adsorbed to aluminum hydroxide adjuvant and in-
jected at the marginal ear vein. At 4 days animals
were bled.
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3. Results
3.1. Puri¢cation of a newly proposed recognition
marker for the mannose 6-phosphate independent
endocytosis of bovine L-glucuronidase by human
¢broblasts
Bovine L-glucuronidase was used as ligand to
characterize the postulated Man6P-independent re-
ceptor, for endocytosis and targeting of acid hydro-
lases to lysosomes in human ¢broblasts [8]. In con-
trast to other acid hydrolases, the endocytosis of
bovine L-glucuronidase by human ¢broblasts was
only inhibited 31% by 10 mM of Man6P (Table 1).
As is known, the Man6P recognition marker can be
removed from this acid hydrolase if it is incubated in
the presence of alkaline phosphatase, endoglycosi-
dase H or F [8]. The same results can be obtained,
without a¡ecting the bovine L-glucuronidase activity,
when the crude liver extract was dialyzed overnight
at 25‡C against 35 mM Tris/maleate bu¡er (pH 6.8)
after the 60% ammonium precipitation step of the
enzyme puri¢cation. As shown in Table 1, by in-
creasing the dialysis temperature from 4‡C to 25‡C
the uptake of bovine L-glucuronidase by human ¢-
broblasts was reduced 24% and not inhibited by 10
mM Man6P. These results suggested the presence of
activity in the bovine liver able to eliminate the phos-
phorylated recognition marker from the enzyme at
neutral pH. Treated bovine L-glucuronidase may be
considered as taken up by a Man6P-independent sys-
tem; therefore, it was used as a ligand in the follow-
ing experiments.
In a preliminary attempt to purify the recognition
marker for the newly proposed endocytic system,
bovine L-glucuronidase was extensively pronase di-
gested. Resulting peptides were taken as source for
looking up a fraction able to inhibit speci¢cally the
endocytosis of bovine L-glucuronidase by human ¢-
broblasts. Digested acid hydrolase was fractionated
in a Sephadex G25 column and six major peaks were
obtained (Fig. 1). Fractions included in every peak
were pooled and desalted in a Sephadex G10 column.
The capacity of every fraction to inhibits the endo-
cytosis of bovine L-glucuronidase was tested. It was
found that fraction IIIb had the greatest inhibitory
capacity for the endocytosis of bovine L-glucuroni-
dase by human ¢broblasts (Fig. 2). All of these frac-
tions were able to a¡ect the endocytosis of human L-
glucuronidase that only contains the Man6P recog-
nition marker (not shown). Then fraction IIIb was
adsorbed in a Sephadex CM25 column, eluted with a
0^0.2 M NaCl gradient and desalted in a Sephadex
G10 column (Fig. 1). The isolated IIIb2 fraction rep-
resents about 0.001% of the peptides generated after
pronase digestion of bovine L-glucuronidase.
Table 1
Loss of Man6P marker in bovine L-glucuronidase
Preincubation temperature Bovine L-glucuronidase endocytosis
(Units/mg/h)
3Man6P +Man6P % Inhibition
4‡C 183 129 31
25‡C 139 138 1
Bovine liver was homogenized and ammonium sulfate precipi-
tated; the pellet was resuspended and dialyzed against 5 mM
EDTA, 35 mM maleate/Tris bu¡er (pH 6.8) overnight at 4‡C
or 25‡C. Bovine L-glucuronidase was adsorbed in an anti L-glu-
curonidase^Sepharose column and eluted with 6 M urea. De¢-
cient L-glucuronidase human ¢broblasts were grown in 35-mm
Petri dishes. Endocytosis was carried out by incubating human
¢broblast monolayers in 1 ml media containing 5000 U of bo-
vine L-glucuronidase for 2 h at 37‡C in the presence or absence
of 10 mM Man6P.
Fig. 1. Puri¢cation of a peptide containing the recognition
marker for the uptake of bovine L-glucuronidase by human ¢-
broblasts. Peptides obtained after pronase digested bovine L-
glucuronidase were chromatographed on a Sephadex G25 col-
umn (A), fractions 115^135 were pooled, lyophilized and de-
salted in a Sephadex G10 column (B), fractions 63^72 were
pooled and brought to pH 5.0 with 50 mM acetic acid and ad-
sorbed in a Sephadex CM25 column (C). Adsorbed and non-
adsorbed materials were desalted in a Sephadex G10 column
(D). It was found that only the IIIb2 fraction was able to in-
hibit the endocytosis of bovine L-glucuronidase by human ¢bro-
blasts.
BBAMCR 14722 13-4-01
A. Gonza¤lez-Noriega et al. / Biochimica et Biophysica Acta 1538 (2001) 141^151144
Pinocytosis by human ¢broblasts was a saturable
function of bovine L-glucuronidase. Puri¢ed fraction
IIIb2 behaved as a competitive inhibitor of bovine L-
glucuronidase endocytosis by human ¢broblasts (Fig.
3). The Km uptake for bovine L-glucuronidase was
13U1039 M and the Vmax uptake 1000 U/mg per h.
The apparent Ki for the peptide was estimated to
be 7U1036 M.
To con¢rm that the puri¢ed peptide fraction might
contain the recognition marker for the endocytosis of
bovine L-glucuronidase, the isolated IIIb2 fraction
was coupled to ovalbumin and antirabbit antibodies
were raised against the complex. Antibody activity
for its ability to inhibit the pinocytosis of bovine L-
glucuronidase by human ¢broblasts was tested. As
shown in Fig. 4, antiserum gave a concentration-de-
pendent inhibition of the uptake of the bovine but
not the human L-glucuronidase by human ¢bro-
blasts. This result suggested that at least some of
the anti-peptide antibodies bind to the bovine en-
zyme in a way that impairs the proposed recognition
marker to be recognized by its endocytic receptor at
the cell surface of the human ¢broblasts. However,
human platelet L-glucuronidase does not contain
such a recognition marker, consequently the antise-
rum does not a¡ect its endocytosis by human ¢bro-
blasts.
Preliminary results about the composition of the
isolated peptide fraction revealed: (a) carbohydrate
Fig. 2. Inhibitor e¡ect of bovine L-glucuronidase peptides on
endocytosis of bovine L-glucuronidase to human ¢broblasts.
Peptides obtained after pronase digested bovine L-glucuronidase
were chromatographed in a Sephadex G25 column (Fig. 1A).
Every peak was pooled and desalted in a Sephadex G10 col-
umn. Endocytosis was carried out by incubating human ¢bro-
blast monolayers in 0.2 ml media containing 1000 U/ml of bo-
vine L-glucuronidase, 2 h at 37‡C, in the presence of indicated
concentration of every peptide fraction.
Fig. 3. E¡ect of fraction IIIb2 on endocytosis of bovine L-glu-
curonidase. L-Glucuronidase-de¢cient ¢broblasts were incubated
for 2 h at 37‡C as described in Section 2 with the indicated
concentrations of bovine L-glucuronidase in the presence (a) or
in the absence (b) of 10 WM of fraction IIIb2.
Fig. 4. Inhibition of uptake of bovine L-glucuronidase by anti-
fraction IIIb2 immunoglobulin G. Human ¢broblasts were incu-
bated at 37‡C in 1 ml of medium containing 2000 U of human
(a) or bovine L-glucuronidase (b) and the indicated concentra-
tions of rabbit antibodies against the bovine L-glucuronidase
fraction IIIb2. After 2 h dishes were rinsed and cell-associated
L-glucuronidase was measured in cells disrupted with deoxycho-
late.
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residues were not detected by NMR except for glu-
cose and mesoinositol, contaminant products from
Sephadex beads (not shown), (b) presence of Ser,
Gly, in a 1:1 proportion when the peptide was hy-
drolyzed for 24 h at 110‡C in the presence of 6 M
HCl and (c) peptide sequence analysis showed that
Ser was the ¢rst and third residue, the second posi-
tion corresponding to a peak that did not coincide
with that of any amino acid standard (Fig. 5). The X
residue was eluted with a retention time near to the
Trp migrating site; however, the peak was shifted a
few seconds with respect to the reference Trp in the
standard cycle. Edman degradation failed to reveal
the presence of other amino acid residues. A 393 Mr
peak was detected by mass spectrometry; however,
due to the small contaminants detected in the Edman
degradation analysis, no conclusive results were ob-
tained to determine the mass of the isolated peptide.
3.2. Binding of bovine L-glucuronidase to human
¢broblast membranes
Binding experiments of L-glucuronidase to human
¢broblast membranes were carried out under the
same conditions reported for enzyme endocytosis;
i.e., in the presence of Eagle’s MEM containing
1 mg/ml of bovine albumin/25 mM BES/maleate
(pH 6.8) and 0.5% saponin. Binding in presence of
saponin increased from two- to threefold (not shown),
suggesting that a receptor fraction may also be lo-
cated in intracellular vesicles. As expected, 10 mM
Man6P does not inhibit the binding of bovine L-glu-
curonidase to ¢broblast membranes, but the binding
was inhibited by the peptide (IIIb2) isolated from
bovine L-glucuronidase (Fig. 6A). A plot of the
Fig. 5. Reversed-phase HPLC of the PTH by-product of the
amino acid residues of fraction IIIb2. The elution position of
the standard PTH-products is indicated at the top, using the
one-letter code. Peptide was degraded by automated Edman
degradation. peptide sequence analysis showed that Ser was the
¢rst and third residue, the second position corresponding to a
peak that did not coincide with that of any amino acid stan-
dard. The unknown product is indicated as X.
Fig. 6. E¡ect of fraction IIIb2 on binding of bovine L-glucuro-
nidase. (A) Binding assay mixtures, containing 50 Wg of ¢bro-
blast membrane protein and the indicated amount of bovine L-
glucuronidase, were incubated at 4‡C for 90 min in the presence
(b) or in the absence (a) of 10 mM mannose 6-phosphate or
in the presence (O) of 10 WM fraction IIIb2. (B) The amount
of enzyme bound to membranes was determined as described in
Section 2. Speci¢c high-a⁄nity binding (- - -) was calculated by
subtracting the amount of L-glucuronidase bound in the pres-
ence of fraction IIIb2 from that bound in its absence. Double
reciprocal plot of enzyme only (a) or enzyme+4 WM fraction
IIIb2 (O).
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data as a double reciprocal curve showed that the
mixture of peptides behaved as a competitive inhib-
itor of bovine L-glucuronidase binding to ¢broblast
membranes and allowed the calculation of a dissoci-
ation constant (Kd) of 4U1039 M for enzyme bind-
ing that was lower than the Km uptake (Fig. 6B).
3.3. E¡ect of pH on dissociation of membrane-bound
L-glucuronidase
Next, we looked for conditions to study the disso-
ciation of bovine L-glucuronidase from the postu-
lated receptor present in membranes of human ¢bro-
blasts. Fig. 7 shows the e¡ects of pH at 4‡C on the
dissociation of bovine L-glucuronidase bound to hu-
man ¢broblast membranes. Membrane preparation
was allowed to bind the L-glucuronidase at 4‡C in
MEM, then washed and reincubated 30 min at 4‡C
in MEM at the indicated values of pH. As observed,
membrane-bound enzyme showed minimal dissocia-
tion between pH 7.0 and 6.5. Enzyme release was
dramatically increased below pH 5.5. This type of
pH-mediated dissociation of the ligand^receptor
complex is typical of receptors involved in the target-
ing of ligands to acidic compartments. No substan-
tial di¡erences were detected in the dissociation
curves by using BES/maleate or Tris/maleate bu¡-
ered MEM during the dissociation of the bound en-
zyme, except that higher dissociation could be de-
tected in the presence of Tris/maleate.
The time course and temperature dependence of
bovine L-glucuronidase dissociation from membranes
at neutral and acidic pH was evaluated. As expected,
the rate of dissociation of membrane-bound bovine
L-glucuronidase at 4‡C and pH 7.0 was slow (t1=2 240
min). About 75% of the bound enzyme was retained
when the membranes were washed and reincubated
in MEM media for up to 90 min (Fig. 8). In contrast,
the bound enzyme was released almost completely
(t1=2 of 3^4 min) when membranes were washed
and reincubated in MEM media either at 4‡C and
pH 5.0, or at 37‡C and pH 7.0. These results suggest
that the dissociation of the ligand-receptor complex
depends on pH and temperature.
3.4. Divalent cation requirements on L-glucuronidase
binding
Since the binding assays were carried out in Ea-
gle’s MEM which contains 2 mM calcium and 1 mM
Fig. 7. E¡ect of pH on the dissociation of membrane-bound L-
glucuronidase from human ¢broblast membranes. Tubes con-
taining 50 Wg of ¢broblast membrane protein, 12 000 U of bo-
vine L-glucuronidase and 1 mg/ml BSA in 0.3 ml of MEM^
BES/maleate at pH 7.0 were incubated at 4‡C. After 90 min,
tubes were centrifuged 5 min at 12 000Ug, washed twice by re-
sedimentation with PBS and resuspended in 0.3 ml of MEM^
BES/maleate (a) or MEM^Tris/maleate (b) at the indicated
pH. After 30 min of incubation at 4‡C, the tubes were centri-
fuged 5 min at 12 000Ug, washed twice by resedimentation
with PBS and assayed for remaining membrane-associated en-
zyme.
Fig. 8. Time course of dissociation of membrane-bound L-glu-
curonidase from human ¢broblast membranes. Tubes contain-
ing 50 Wg of ¢broblast membrane protein, 12 000 U of bovine
L-glucuronidase and 1 mg/ml BSA in 0.3 ml MEM^BES/mal-
eate at pH 7.0 were incubated at 4‡C. After 90 min, the tubes
were centrifuged 5 min at 12 000Ug, washed twice by resedi-
mentation with PBS and resuspended in 1.0 ml of MEM^BES/
maleate, pH 7.0 (a,E) or pH 5.0 (O) at 4‡C (a) or at 37‡C
(E,O). After the indicated intervals, the tubes were centrifuged
5 min at 12 000Ug, washed twice by resedimentation with PBS
and assayed for remaining membrane-associated enzyme.
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magnesium, we further investigated whether divalent
cations were required for ligand binding. As shown
in Table 2. While addition of calcium or magnesium
ions resulted in a small stimulation of binding, max-
imum binding occurred in the presence of manganese
ions that are not present in MEM. The e¡ect of
manganese on bovine L-glucuronidase binding is
shown in Fig. 9. Maximum stimulation of binding
occurred between 10 and 20 mM. Addition of calci-
um and magnesium to assays containing 10 mM
MnCl2 slightly increased the ligand binding. Mini-
mum values of L-glucuronidase associated to the
membranes were found when assays were carried
out without divalent cations or in the presence of
10 mM of EDTA or EGTA (Table 2).
Results from Fig. 8 suggest that the rate of disso-
ciation of bovine L-glucuronidase from its receptor
was temperature and pH dependent, even though
calcium and magnesium were present in the MEM.
We then investigated the e¡ect of manganese and pH
at 37‡C on dissociation of bovine L-glucuronidase-
bound human ¢broblasts membranes. Membrane
preparations were incubated at 4‡C in the presence
of bovine L-glucuronidase and 10 mM manganese,
then they were washed and warmed 10 min to
37‡C in bu¡er containing 0^10 mM MnCl2 at the
indicated pH values. Fig. 10 depicts the relative de-
Fig. 9. E¡ect of MnCl2 on the binding of L-glucuronidase to
human ¢broblast membranes. Tubes containing 50 Wg of ¢bro-
blast membrane protein, 12 000 U of bovine L-glucuronidase in
0.3 ml bu¡er A (pH 7.0) and the indicated concentrations of
MnCl2 were incubated at 4‡C. After 90 min, the tubes were
centrifuged for 5 min at 12 000Ug and washed three times by
resedimentation with 1.0 ml of bu¡er A and the appropriate
concentrations of the cation. The total amount of membrane-
bound L-glucuronidase was determined as described in Section
2.
Fig. 10. E¡ect of MnCl2 concentration and pH on the dissocia-
tion of membrane-bound L-glucuronidase from human ¢bro-
blast membranes. Tubes containing 50 Wg of ¢broblast mem-
brane protein, 12 000 U of bovine L-glucuronidase, 10 mM
MnCl2 in 0.3 ml bu¡er A (pH 7.0) were incubated at 4‡C.
After 90 min, the tubes were centrifuged for 5 min at
12 000Ug, washed twice by resedimentation with 1.0 ml of bu¡-
er A and the appropriate concentrations of the cation. Washed
membranes were resuspended in 1.0 ml of bu¡er A containing
the concentration of MnCl2 shown on the curves at the indi-
cated pH values. After 10 min at 37‡C tubes were centrifuged
for 5 min at 12 000Ug and washed three times by resedimenta-
tion with 1 ml PBS. The total amount of membrane-bound L-
glucuronidase was determined as described in Section 2.
Table 2
Cation dependence of bovine L-glucuronidase binding to human
L-glucuronidase-de¢cient ¢broblast membranes
Condition Units bound
U/mg %
No addition 19.8 56.6
10 mM EDTA 19.6 56.0
10 mM EGTA 19.9 56.8
10 mM CaCl2 24.1 68.8
10 mM MgCl2 24.8 70.8
10 mM MnCl2 32.6 93.1
10 mM CaCl2, MgCl2, MnCl2 35.0 100.0
Tubes containing 50 Wg of ¢broblast membrane protein, 12 000
U of bovine L-glucuronidase in 0.3 ml bu¡er A (pH 7.0) and
the indicated concentrations of cations were incubated at 4‡C.
After 90 min, the tubes were centrifuged for 5 min at
12 000Ug, washed three times by resedimentation with 1.0 ml
of bu¡er A and the appropriate concentrations of the corre-
sponding cation. Total amount of membrane-bound L-glucuro-
nidase was determined as previously described.
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gree of dissociation observed for each concentration
of manganese and di¡erent pH conditions. As ob-
served, independently of the manganese concentra-
tion, the dissociation of bovine L-glucuronidase
reached its maximum when the pH was reduced to
pH 5.5. However, above pH 5.5 receptor^ligand dis-
sociation was markedly slowed down by increasing
manganese concentrations.
4. Discussion
Data presented here provide further evidence for
the existence of a Man6P-independent receptor for
the endocytosis and targeting to lysosomes by human
¢broblasts. The use of bovine L-glucuronidase, that
was not taken up by the CI-Man6PR, showed that
binding of this bovine acid hydrolase to human ¢-
broblast membranes has the following properties: (a)
speci¢city for a peptide (IIIb2) isolated from pro-
nase-treated bovine L-glucuronidase, that behaved
as a competitive inhibitor for bovine L-glucuroni-
dase, (b) divalent cation dependence, (c) saturability,
(d) sensitivity to pH ^ binding was stable at neutral
pH and maximal dissociation took place at pH 5,
and (e) dissociation of bovine L-glucuronidase from
membranes was temperature and pH dependent,
being enhanced at pH 5.0 or at pH 7.0 and 37‡C.
In an initial attempt to determine the speci¢city of
the new receptor, we have isolated a peptide from
bovine L-glucuronidase that behaves as a competitive
inhibitor for the endocytosis of this acid hydrolase
by human ¢broblasts. In agreement with this obser-
vation, antibodies raised against this peptide im-
paired the endocytosis of the bovine but not of the
human L-glucuronidase by human ¢broblasts. These
data imply that the new recognition marker for the
endocytosis of acid hydrolases might reside in a sin-
gle discrete stretch of amino acid sequence. Analysis
of the N-terminal of IIIb2 revealed that it contains a
Ser^X^Ser sequence. The presence of Gly in the ami-
no acid analysis of acid hydrolyzed peptide IIIb2 and
the absence of this residue in the peptide sequence
analysis, suggests that Gly might be a by-product of
the Trp. The X residue was eluted a few seconds near
of the retention time of the Trp migrating site. A 393
Mr peak was detected by mass spectrometry, which is
compatible with a peptide containing two serine res-
idues and a posttranslational modi¢ed Trp residue.
So far, several posttranslational modi¢cations of this
amino acid have been reported, such as mannosyla-
tion, bromination, dimerization, etc. [17^19]. Work is
in process to characterize the chemical composition
of the undetermined residue which might be an im-
portant component of the newly proposed recogni-
tion marker.
On the other hand, results presented here support
the idea that intracellular dissociation of bound bo-
vine L-glucuronidase to human ¢broblast membrane
preparations might be accomplished by additional
mechanisms other than acidi¢cation. Thus, we found
that the rate of dissociation of membrane-bound bo-
vine L-glucuronidase at 4‡C and neutral pH was slow
(t1=2 240 min). However, it was accelerated when
dissociation was carried out in MEM (that contains
calcium and magnesium) at neutral pH and 37‡C.
The dissociation of bound enzyme at 37‡C was also
accelerated by decreasing the manganese concentra-
tion and/or the pH to 5.5. Maximum dissociation
was observed at acid concentrations, or independ-
ently of pH but in the absence of manganese. These
results suggest that bovine L-glucuronidase^receptor
dissociation might be accomplished by an interplay
of di¡erent mechanisms, including acidi¢cation, tem-
perature and divalent cation concentration. A similar
interdependence between pH and calcium in the dis-
sociation of ligands for the galactose and mannose
receptors has been previously reported [20,21].
Endosomal calcium may reach concentrations as
high as those presented in the extracellular medium.
To explain the e¡ect of ions on receptor^ligand dis-
sociation in endosomes, Diaz et al. [21] have postu-
lated that the endosomal membrane has a calcium
conductance that would permit the rapid e¥ux of
calcium from endosomes during acidi¢cation, and
thus would appear to be a necessary step for e⁄cient
sorting of calcium-dependent receptor from their li-
gand. Amines and proton ionophores dissipate pH
gradient and therefore an impaired e¥ux of calcium
from endosomes is to be expected. Thus, endosomal
levels of calcium may be an additional factor to ex-
plain the partial e¡ect of amines on the recycling of
these types of receptors in the mannose endocytic
system. Previously, we have reported that endocy-
tosed bovine L-glucuronidase was targeted to the sec-
ondary lysosomes, where it was able to degrade ac-
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cumulated mucopolysaccharides; however, neither
chloroquine nor NH4Cl inhibit the endocytosis of
bovine L-glucuronidase by human ¢broblasts [8].
Taking into account that manganese concentrations
in serum are lower than 0.2 WM, dissociation of en-
docytosed bovine L-glucuronidase-receptor complex
might occur in endosomes even in the presence of
amines. An alternate explanation might be provided
by the partial resistance to amines described for the
galactose-, the transferrin- and the mannose-endo-
cytic systems and the existence of di¡erent pathways
(other than endosomes) for ligand processing and
receptor recycling [22].
Finally, cells from patients with MLII or MLIII
are unable to synthesize the phosphomannosyl rec-
ognition marker necessary for the targeting of acid
hydrolases to lysosomes [23,24]. Nearly normal levels
of acid hydrolases in cells, such as hepatocytes,
Kup¡er cells and leukocytes have suggested the pres-
ence of a targeting mechanism distinct from the
Man6P pathway for acid hydrolases. If the existence
of two di¡erent types of Man6P receptors has raised
a number of interesting questions concerning the
sorting of lysosomal enzymes, the existence of a
new receptor that does not recognize Man6P residues
might answer unresolved questions about the target-
ing mechanism in those cell types. The knowledge of
the chemical structure of the newly proposed recog-
nition marker and of its presence in acid hydrolases
other than bovine L-glucuronidase is essential for the
understanding of this transport system.
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